ABSTRACT: S-Nitrosylation is a reversible post-translational modification on cysteinyl thiols that can modulate the function of redox-sensitive proteins. The S-nitrosylation of mitochondrial proteins has been shown to regulate various mitochondrial activities involved in energy-transducing systems and mitochondrion-driven apoptosis. In isolated rat brain mitochondria, we demonstrate that mitochondrial protein S-nitrosylation is regulated by respiratory substrates (glutamate/malate) through a thiol-dependent pathway. Mitochondrial proteins become susceptible to S-nitrosoglutathione (GSNO)-induced S-nitrosylation in mitochondria with an oxidized environment (low glutathione (GSH), NADH, and NADPH, and high GSSG, NAD + , and NADP + ) caused by isolation of mitochondria using a discontinuous Percoll gradient. Activation of mitochondrial respiration by respiratory substrates leads to increased NAD(P)H and GSH levels, which in turn reduces mitochondrial S-nitrosylated proteins. 1-Chloro-2,4-dinitrobenzene (CDNB), which depletes mitochondrial GSH and inhibits the thioredoxin−thioredoxin reductase system, prevented the denitrosylation of mitochondrial proteins caused by respiratory substrate treatment. Using biotinswitch coupled with LC-MS/MS, several mitochondrial proteins were identified as targets of Snitrosylation including adenine nucleotide translocase (ANT) and voltage-dependent anion channel (VDAC), important components of the mitochondria permeability transition pore (MPTP), as well as ATP synthase. The S-nitrosylation of ATP synthase by GSNO was found to inhibit its activity. These findings emphasize the importance of respiratory substrates in regulating S-nitrosylation through a thiol-dependent (GSH and/or thioredoxin) pathway, with implications for mitochondrial bioenergetics and mitochondrion-driven apoptosis.
■ INTRODUCTION
Nitric oxide (•NO), generated by the constitutive and inducible isoforms of nitric oxide synthase, is a signaling molecule involved in a wide variety of physiological and pathophysiological events, ranging from vascular regulation and neuronal plasticity to neurodegeneration, diabetes, and chronic inflammation, thus accounting for the beneficial and toxic effects of this gaseous free radical. The biochemistry of •NO has been discussed in terms of both concentration and spatial considerations that determine activation of signaling through the soluble guanylate cyclase, regulation of mitochondrial respiration upon reversible binding to cytochrome oxidase, and reactivity with nonheme iron.
1 Diverse •NO signaling mechanisms and their cross-talk have been recently reviewed. 2 Protein S-nitrosylation is a post-translational modification of cysteinyl thiols via oxidative reaction with a nitric oxide derivative (e.g., nitrosonium cation) to form the structure R−S-NO, and the determinants of specificity for S-nitrosylation in a cellular setting have been extensively documented. 3 
S-
Nitrosothiols (e.g., S-nitrosoglutathione, GSNO) and •NO regulate thiol-dependent pathways by several different mechanisms. 4 At a cellular level, S-nitrosylation is involved in the regulation of some signaling pathways as well as of other protein post-translational modifications, including acetylation, ubiquitylation, and phosphorylation. 5, 6 S-nitrosylation of mitochondrial targets is associated with a degree of variability, inasmuch as this post-translational modification affects mostly tissues with high energy metabolism and can lead to protection or inactivation of enzymes. 7 For example, incubation of rat heart mitochondrial protein lysate with a nitrosothiol, GSNO, identified 60 proteins that were S-nitrosylated and that were involved in various mitochondrial functions, such as solute transport, electron transfer, TCA cycle, oxidative stress defense, and fatty acid and amino acid metabolic pathways. 8 The reversible inhibition of complex I in heart mitochondria through S-nitrosylation of the 75 kDa subunit, as it occurs in the presence of S-nitrosothiols or during ischemic-preconditioning, results in the protection of mitochondria against ischemia-reperfusion. 9−11 The S-nitrosylation of complex I in heart mitochondria depends on its structural conformation and has implications for hypoxic conditions. 12, 13 In addition to complex I, a subproteome of heart mitochondrial S-nitrosylated proteins during ischemic preconditioning identified enzymes involved in energetics and calcium homeostasis.
14 More recently, it was shown that myocardial caveolae mediate eNOS/NO/S-nitrosylation cardioprotective signaling to mitochondria. 15 S-Nitrosylation of complex I was also found in brain mitochondria and exacerbated following the dopaminergic depletion of GSH. 16 S-Nitrosylation has also been implicated in neuropathogenic roles inherent in Alzheimer's and Parkinson's disease; these roles entail alterations of mitochondrial dynamics (by affecting via S-nitrosylation of the dynamin-related protein 1 (DRP1)) as well as S-nitrosylation of protein-disulfide isomerase that mediates protein misfolding. 17 Liver injury following ischemia-reperfusion and in alcoholic fatty liver was associated with S-nitrosylation of mitochondrial proteins and the decreased energy supply associated with mitochondrial dysfunction. 18, 19 We have previously shown that respiratory substrates (e.g., glutamate/malate and succinate) regulate GSH redox status and protein S-glutathionylation in mitochondria by modulating NADPH levels. 20 Although S-nitrosylation of mitochondrial proteins plays an important role in physiology and pathophysiology, the regulatory mechanisms of mitochondrial protein Snitrosylation remain unclear. This study is aimed at establishing the influence of the mitochondrial metabolic state on protein Snitrosylation in the organelles with an experimental model consisting of brain mitochondria isolated by the discontinuous Percoll gradient and supplemented with GSNO, a nitrosating agent. GSNO catalyzes the S-nitrosylation of proteins by a transnitrosation pathway; brain mitochondria isolated by a discontinuous Percoll gradient are in an oxidized state as indicated by the high levels of GSSG, protein mixed disulfides, and oxidized pyridine nucleotides. 20 ■ EXPERIMENTAL PROCEDURES Animals and Chemicals. Male Wistar rats at 4 months of age were purchased from Simonsen Laboratories, Inc. (Gilroy, CA, USA). Micro Bio-Spin 6 Chromatography Columns were obtained from BioRad (Hercules, CA, USA). Blocker casein in TBS and EZ-Link Biotin-HPDP were from Pierce Biotechnologies (Rockford, IL, USA). Sypro Ruby protein gel stain was obtained from Molecular Probes (Eugene, OR, USA). S-Nitrosoglutathione (GSNO), protease inhibitor cocktail, Percoll, MMTS (methylmethanethiosulfonate), pyruvate kinase/ lactate dehydrogenase enzyme mixture, and all other chemicals were from Sigma (St. Louis, MO, USA). Rabbit polyclonal antibody against COX IV was from ABcam (Cambridge, UK).
Isolation of Mitochondria and Proteinase K Treatment. Rat brain mitochondria were isolated by a discontinuous Percoll gradient. 21 All procedures were subjected to the regulations of the Institutional Animal Care and Use Committee (IACUC) of the University of Southern California (Los Angeles, CA). Male Wistar rats at 4 months of age, housed with food and water ad libitum in a facility (USC Department of Animal Resources) with automated light/dark (12 h/12 h) cycle, were fasted overnight, anesthetized by CO, and sacrificed. Brain was excised, washed twice, and minced to fine pieces with a pair of scissors in ice-cold mitochondria isolation buffer (250 mM sucrose, 20 mM HEPES, 1 mM EDTA, 1 mM EGTA, 0.5% (m/ v) BSA, and 0.1% (v/v) protease inhibitor cocktail, pH 7.4). Brain tissue was homogenized by a Potter-Elvehjem tissue grinder in the same ice-cold isolation buffer. The homogenate was centrifuged briefly at 1,330g for 5 min at 4°C in an Eppendorf 5810R centrifuge to remove cell debris and nuclei. The supernatant was transferred to a clean tube and centrifuged at 21,200g for 10 min at 4°C in a Beckman J2-21 centrifuge with a JA17 rotor. Pellet was resuspended in 15% Percoll (prepared in mitochondria isolation buffer) and centrifuged again at 21,200g for 10 min at 4°C. The pellet, which appeared loose and fluffy, was obtained by a plastic transfer pipet and carefully layered on top of a discontinuous 23% on 40% Percoll gradient, followed by centrifugation at 30,700g for 5 min at 4°C. The material that resided at the interface between 40% and 23% was highly enriched with mitochondria and was taken and diluted at 1:4 ratio with isolation buffer, followed by centrifugation at 16,700g for 10 min at 4°C. The pellet was diluted again at a 1:4 ratio with isolation buffer and centrifuged at 6,900g for 10 min at 4°C. The pellet was then resuspended in mitochondria isolation buffer containing 0.1% fatty acid-free BSA and centrifuged at 6,900g for 10 min at 4°C. Finally, the pellet of the last centrifugation was resuspended in BSA-free mitochondria isolation buffer and kept on ice until use. Respiratory control ratios of ∼4−5 were obtained from these isolated mitochondria using glutamate/malate or succinate as electron donors. GSH and protein thiols become stronger nucleophiles when deprotonated at basic pH values; thus, all experiments were performed at pH 7.4. Broken mitochondria were prepared by freeze/thaw 3 times in liquid nitrogen, followed by brief sonication. CDNB (1-chloro-2,4-dinitrobenzene) treatment was used to deplete key thiols (GSH and thioredoxin−thioredoxin reductase) in mitochondria. 22 Proteinase K Treatment. Stock solution of proteinase K was prepared at 5 mg/mL in double-distilled water and kept frozen at −80°C until use. Mitochondria were treated with 50 μg/mL proteinase K for 25 min at 0°C. PMSF was then added to a final concentration of 2 mM. Mitochondria were incubated for an additional 10 min at 0°C, followed by centrifugation at 9,000 rpm for 10 min at 4°C, and resuspended in mitochondria isolation buffer.
Mitochondrial Swelling. Mitochondrial swelling was monitored in an Agilent 8453 spectrophotometer (Palo Alto, CA, USA) at 520 nm. 23 The experiment was performed on freshly isolated intact rat brain mitochondria. Isotonic swelling buffer contained 150 mM KCl, 20 mM MOPS, 10 mM Trizma base, pH 7.3, 0.5 μM rotenone, 0.5 μM antimycin A, and 2 μM calcium ionophore A23187. The experiment was initiated by the addition of 50 μg of mitochondria in the volume of 10 μL, preincubated with 1 μL of vehicle or 1 μL of 10 mM GSNO (final concentration 1 mM) at room temperature for 10 min in the dark, into the glass cuvette containing 990 μL of swelling buffer; 1 min after the addition of mitochondria, 1 μL of CaCl 2 of various concentrations was added to reach final concentrations ranging from 100 μM to 1 mM. Five minutes after the addition of CaCl 2 , 40 μM of alamethicin was added to induce maximal mitochondrial swelling, and the recording of absorbance was continued for 4 more minutes. The A 520 recorded right before the addition of CaCl 2 was designated as A 520a ; that right before the addition of alamethicin was designated as A 520b ; and that following the addition of alamethicin was designated as A 520c . Ca 2+ -induced swelling was calculated as A 520a − A 520b . Maximal mitochondrial swelling was calculated as A 520a − A 520c . Therefore, the percentage of Ca 2+ -induced swelling was [A 520a − A 520b ]/[A 520a − A 520c ] × 100%. Basal swelling of mitochondria, which were pretreated with vehicle or GSNO, was obtained by adding 50 μg of mitochondria (10 μL) to 990 μL of swelling buffer, and the A 520 was recorded for 6 min. Immediately, alamethicin was added, and the recording was continued for 4 more minutes.
Biotin-Switch Method and Western Blot. The biotin-switch method was followed as described with slight modifications. 24, 25 Intact rat brain mitochondria, as a suspension in the mitochondria isolation buffer (1 mg/mL), were incubated with GSNO in the dark at room temperature for 30 min. GSNO solutions were freshly made before each experiment since aged GSNO solutions form various degradation products. 26 HEN buffer (250 mM HEPES, 1 mM EDTA, and 0.1 mM neocuproine, pH 7.7) was prepared freshly before experiments. Mitochondria were centrifuged at 6,900g for 10 min at 4°C, and mitochondrial proteins were extracted by resuspending the mitochon-dria pellet in HEN/2% CHAPS, followed by 3 freeze/thaw cycles in liquid nitrogen and vigorous vortexing. Undissolved lipid fragments were spun down at 10,000g for 10 min at 4°C. Protein concentration was determined by the Bradford dye-binding method using the BioRad protein assay reagent (Hercules, CA, USA). Then, 75 μg of proteins was taken, and the volume was adjusted with HEN buffer to 1 μg/μL, to which 7 μL of 25% SDS and 1.5 μL of 20% MMTS (freshly prepared in DMF) were added and incubated for 20 min at 50°C in the dark to thiol-methylate the free protein sulfhydryl groups. MMTS was cleaned up from the protein solution by passing the samples through Bio-Rad Micro Bio-Spin 6 chromatography columns 3 times with three fresh columns. The columns were pre-equilibrated with HEN buffer before use; 68 μL of the final flow-through was taken, to which were added 1.36 μL of 50 mM biotin-HPDP (final concentration 1 mM) and 3.4 μL of 100 mM ascorbate (final concentration 5 mM), and incubated for 1 h at room temperature. An extra sample was treated with DMSO as a vehicle control for biotin-HPDP. This would reveal any endogenous protein biotinylation or nonspecific binding by the antibiotin antibody. At the end of incubation, a nonreducing sample loading buffer from Pierce (Rockford, IL, USA) was added at 1:4 dilution. Proteins were separated by SDS−PAGE and transferred to the nitrocellulose membrane. The membrane was then blocked in Pierce Blocker casein for 1 h at room temperature, followed by incubation in TBST (Tris buffered saline with 1% Tween 20) containing 1:1,000 diluted Pierce polyclonal goat anti-biotin antibody overnight at 4°C with constant agitation. The membrane was washed twice each time for 10 min in TBST, followed by incubation in TBST containing 1:10,000 diluted mouse anti-goat HRP secondary antibody for 1 h at room temperature. Then, the membrane was washed 6 times each for 10 min in TBST. Chemiluminescence was carried out according to the manufacturer's instructions on a Kodak BioMax Light film.
Purification of S-Nitrosylated Proteins. Intact rat brain mitochondria (1 mg/mL) were incubated with 1 mM GSNO in the mitochondrial isolation buffer for 1 h at room temperature in the dark. Mitochondria were centrifuged at 6,900g for 10 min at 4°C, and mitochondrial proteins were extracted by resuspending the mitochondrial pellet in HEN/2% CHAPS, followed by 3 freeze/thaw cycles in liquid nitrogen and vigorous vortexing. Undissolved lipid fragments were spun down by centrifugation at 10,000g for 10 min at 4°C. The supernatant was collected and adjusted with HEN buffer to 1 mg/mL, to which 2% of SDS and 0.4% of MMTS (freshly prepared as 20% stock in DMF) were added to block the free protein sulfhydryl groups for 20 min at 50°C in the dark. The blocking reagent was cleaned up by protein acetone precipitation twice: 10 volumes of acetone prechilled in −20°C was added to the protein solution and incubated in −20°C for 20 min to facilitate protein precipitation. Proteins were centrifuged at 2,000g for 10 min at 4°C. The protein pellet and the inner surface of the centrifuge tube were carefully rinsed with prechilled acetone to wash out residual organic solvent. The protein pellet was then dissolved in HENS buffer (1% SDS in HEN buffer; 0.1 mL of HENS buffer per mg of protein in the initial protein sample). Biotin-HPDP 1 mM and ascorbate 5 mM were added to the protein solution and incubated for 1 h at room temperature. Proteins were again cleaned up twice by acetone precipitation (2 volumes were used instead of 10 volumes); 2 volumes of neutralization buffer (20 mM HEPES, 100 mM NaCl, 1 mM EDTA, and 0.5% Triton X-100, pH 7.7) and streptavidin-agarose beads equilibrated in neutralization buffer were added to the protein solution and incubated with constant agitation for 1 h at room temperature. The beads were washed in wash buffer (20 mM HEPES, 600 mM NaCl, 1 mM EDTA, and 0.5% Triton X-100, pH 7.7). Proteins, eluted by incubating in elution buffer (20 mM HEPES, 100 mM NaCl, 1 mM EDTA, 100 mM 2-mercaptoethanol, and pH 7.7-NaOH) for 20 min, were separated by SDS−PAGE and finally stained by SYPRO Ruby. Proteins were visualized on a standard UV-transilluminator, and protein bands were sliced out for LC-MS/MS analysis.
Measurement of Mitochondrial Thiol Content, GSH, GSSG, and Pyridine Nucleotides. Thiol levels in mitochondria were measured using DTNB as previously described. 27 GSH and GSSG concentrations were analyzed using HPLC electrochemical detection as described previously. 28 NAD + , NADH, NADP + , and NADPH levels were measured by HPLC as previously described. 29 Briefly, brain homogenate and isolated mitochondria were homogenized in buffer (0.06 M KOH, 0.2 M KCN, and 1 mM bathophenanthroline disulfonic acid) followed by chloroform extraction. Chloroform extraction was carried out by centrifugation at 22,000g in a microcentrifuge at 4°C; the resulting aqueous supernatant with soluble pyridine nucleotides was collected and extracted twice to remove lipids and proteins. Finally, it was filtered with a 0.45 μm positively charged filter (Pall Life Sciences) to remove the RNA and DNA in the microcentrifuge at 4°C. The mobile phase consisted of 0.2 M ammonium acetate (buffer A) at pH 5.5 and HPLC-grade methanol (buffer B). A gradient program with initial conditions as 100% buffer A and 0% buffer B was set; from 0 to 4 min, 0 to 3% B and from 4 to 23 min, 3−6.8% B, followed by washing the column with 50% A and 50% B and re-equilibrating to initial conditions for the next run. Quantitation of pyridine nucleotides was performed by integrating the peaks and adding the cyanide adducts as detected by the fluorescence spectrophotometer (λ exc = 330 nm; λ em = 460 nm).
LC-MS/MS. In-Gel Tryptic Digest. Protein bands from SDS−PAGE were excised from the gels using biopsy punches (Acuderm, Lauderdale, FL, USA). In-gel tryptic digest was carried out using trypsin that was reductively methylated to reduce autolysis (Promega, Madison, WI, USA). Prior to digestion, samples were neither reduced with DTT nor alkylated with iodoacetamide in order to keep potential cysteine modifications stable. The digestion reaction was carried out overnight at 37°C. Digestion products were extracted from the gel with a 5% formic acid/50% acetonitrile solution (2×) and one acetonitrile extraction followed by evaporation using an APD SpeedVac (ThermoSavant, Milford, MA, USA).
Analysis of Tryptic Peptide Sequence Tags by Tandem Mass Spectrometry. The dried tryptic digest samples were cleaned with ZipTip and resuspended in 10 μL of 60% formic acid. Chromatographic separation of the tryptic peptides was achieved using a ThermoFinnigan Surveyor MS-Pump in conjunction with a BioBasic-18 100 mm × 0.18 mm reverse phase capillary column (ThermoFinnigan, San Jose, CA). Mass analysis was done using a ThermoFinnigan LCQ Deca XP Plus ion trap mass spectrometer equipped with a nanospray ion source (ThermoFinnigan) employing a 4.5 cm long metal needle (Hamilton, 950−00954) using datadependent acquisition mode. Electrical contact and voltage application to the probe tip took place via the nanoprobe assembly. Spray voltage of the mass spectrometer was set to 2.9 kV and a heated capillary temperature at 190°C. The column was equilibrated for 5 min at 1.5 μL/min with 95% solution A and 5% solution B (A, 0.1% formic acid in water; B, 0.1%formic acid in acetonitrile) prior to sample injection. A linear gradient was initiated 5 min after sample injection ramping to 35% A, 65% B after 50 min, and 20% A, 80% B after 60 min. Mass spectra were acquired in the m/z 400−1800 range.
Protein Identification. Protein identification was carried out with the MS/MS search software Mascot 1.9 (Matrix Science) with confirmatory or complementary analyses with TurboSequest as implemented in the Bioworks Browser 3.2, build 41 (ThermoFinnigan). NCBI Sus scrofa protein sequences were used as the primary search database, and searches were complemented with the NCBI nonredundant protein database.
■ RESULTS

GSNO Causes S-Nitrosylation of Brain Mitochondria
Isolated by Discontinuous Percoll Gradient. Mitochondria isolated by a discontinuous Percoll gradient are in an oxidized state with extensive protein glutathionylation, but metabolic functionality is recovered upon addition of respiratory substrates. 20 The integrity of the isolated mitochondria was also demonstrated by the resistance of inner membrane cytochrome c against proteinase K treatment while the outer membrane protein monoamine oxidase A (MAO-A) was efficiently digested ( Figure 1A) . Treatment of the thus isolated brain mitochondria with GSNO induced protein S-nitrosylation in a dose-dependent manner ( Figure 1B, lanes 3 and 4) . The susceptibility to GSNO was increased when the mitochondrial membrane integrity was compromised by freeze/thaw and sonication ( Figure 1B, lanes 5 and 6) , thus suggesting that the extent of GSNO-mediated S-nitrosylation of mitochondrial proteins is limited by transport of GSNO across the mitochondrial membranes. Without GSNO treatment, a low basal level of S-nitrosylation was detected ( Figure 1B, lane 2) . Transnitrosation (GSNO + Pr-SH ↔ GSH + Pr−S−NO) is the likely mechanism that accounts for the post-translational modification of protein cysteinyl residues. 4 Respiratory Substrates and DTT Attenuate GSNOInduced S-Nitrosylation of Mitochondrial Proteins. Supplementation of brain mitochondria with complex I substrates (glutamate/malate) increased the levels of NADH, NADPH, and GSH, consistent with a reduced mitochondrial environment (Figure 2A ). 20 The 6-fold increase in GSH (Figure 2A , lower panel and Figure 2B , column 4) resulted in a decreased intensity of the bands corresponding to the Snitrosylated proteins ( Figure 2B, lane 4 versus 3) . Some proteins remained S-nitrosylated even in the presence of respiratory substrates, thus suggesting that GSNO-mediated Snitrosylation can occur even in a reducing environment and lead to stable S-nitrosylated proteins. DTT also extensively reduced GSNO-induced S-nitrosylation ( Figure 2B , lane 5 versus 3) and was more effective than respiratory substrate treatment in reducing the levels of S-nitrosylated proteins ( Figure 2B , lane 4 versus 5). DTT treatment was also effective in increasing GSH levels ( Figure 2B , column 5) through the reduction of GSSG and deglutathionylation of proteins (data not shown) (as observed with respiratory substrates). 20 The bands that appear on lanes 1 and 2 of Figure 2B as well as similar Western blots on subsequent figures represent endogenous biotinylated and endogenous S-nitrosylated proteins, respectively.
Chemical Research in Toxicology
Respiratory Substrates and DTT Reverse GSNOInduced S-Nitrosylation through a Thiol-Dependent Pathway. CDNB was used to deplete thiols in mitochondria to assess their importance in mitochondrial substrate driven denitrosylation. CDNB depletes primarily mitochondrial GSH through a GSH transferase-dependent pathway. 30, 31 Since CDNB conjugation is mediated by GSH transferase, protein thiols do not appear to react with CDNB, with thioredoxin reductase being a noted exception. 30, 32 The addition of respiratory substrates increased mitochondrial GSH, which was dose-dependently depleted by CDNB treatment ( Figure  3A) . Treatment with respiratory substrates did not decrease GSNO-induced S-nitrosylation in mitochondria treated with CDNB ( Figure 3B, left panel) . A S-nitrosylated protein band that was responsive to CDNB (indicated by an arrowhead) was quantified and plotted against CDNB concentration. CDNB decreased GSH levels and promoted protein S-nitrosylation even in the presence of respiratory substrates ( Figure 3B , right panel). Similarly, when mitochondrial thiols were depleted by CDNB, DTT no longer reduced S-nitrosylation induced by GSNO. These findings confirm that intramitochondrial thiols, likely GSH and/or thioredoxin, are needed in denitrosylation induced by respiratory substrates or DTT ( Figure 3C ). The notion that mitochondrial GSH is important in denitrosylation is further strengthened by the observation that exogenous GSH reduced GSNO-induced S-nitrosylation in a dose-dependent manner ( Figure 4A ). The levels of GSH, GSSG, and GSNO in the experimental model in Figure 4A are shown in Figure 4B . GSH levels began to rise with increasing addition of exogenous GSH to Percoll-isolated brain mitochondria. GSNO was undetectable in isolated mitochondria, but detected upon the addition of exogenous GSNO. Its level was not altered by exogenous GSH. This suggests that the inhibition of GSNO-induced protein S-nitrosylation is not due to a depletion of GSNO; alternatively, this fits with the hypothesis that exogenously added GSH directly reduces Snitrosylated proteins via trans-nitrosylation (protein-S-NO + GSH → protein-S-H + GSNO). The newly formed GSNO did not have significant impact on the detectable GSNO level due to the low concentration of protein-S-NO. The direct reduction of S-nitrosylated proteins by exogenous GSH was supported by the observation that adding GSH 10 min after GSNO incubation could effectively reduce the S-nitrosylation of mitochondrial proteins ( Figure 4C, lane 5) . The denitrosylation of mitochondrial proteins by GSH addition 30 min following GSNO treatment was similar to the denitrosylation observed by coincubation of GSNO and GSH ( Figure 4C, lane 4) . Taken together, these data suggest that mitochondrial GSH plays a central role in the denitrosylation of mitochondrial proteins.
Identification of S-Nitrosylated Mitochondrial Proteins. The biotin-switch method was employed to label Snitrosylated mitochondrial proteins for identification by LC-MS/MS. Identification of three prominent bands near 25, 40, and 50 kDa ( Figure 5A ) were revealed as mitochondrial nitrosylation targets ATPase and glutamate dehydrogenase (bands near 50 kDa), pyruvate dehydrogenase, creatine kinase, and succinyl-CoA ligase (bands near 40 kDa), and adenine nucleotide translocase (ANT), NADH-ubiquinone oxidoreductase, VDAC, prohibitin, and 2-oxoglutarate/GSH carrier (bands near 25 kDa). The identified proteins had sequence coverage greater than 15% and Mascot scores greater than 200. To reconfirm the identities of some of the mitochondrial proteins found by LC-MS/MS, these pulled-down proteins were separated by SDS−PAGE and transferred to a nitrocellulose membrane for Western blot analysis. Adenine nucleotide translocase (ANT) and voltage-dependent anion channel (VDAC-1) were detected by respective antibodies ( Figure  5B ), thus supporting mass spectrometry identification.
Effect of S-Nitrosylation on Mitochondrial Functions. ANT and VDAC are major components in the mitochondrial permeability transition pore (MPTP) complex. 33−35 The functional consequences of S-nitrosylation on calcium-induced MPTP are shown in Figure 6 : GSNO consistently exacerbated the swelling caused by Ca 2+ in a dose-dependent manner. Hence, S-nitrosylation of ANT and VDAC correlated with enhanced calcium-induced MPTP opening. The ATP synthase F1α subunit isoform 1 is inhibited by S-glutathionylation in brain mitochondria isolated with a discontinuous Percoll gradient. 20 Interestingly, in this study ATPase was again identified as a target of GSNO-induced S-nitrosylation ( Figure  7) . Pretreatment of isolated mitochondria with respiratory substrates increases ATPase activity due to deglutathionylation. Addition of GSNO to mitochondria (respiratory substrate pretreated mitochondria broken by freezeing/thawing in liquid nitrogen, then treated with GSNO 1 mM) strongly inhibited ATPase activity; hence, similar to S-glutathionylation, Snitrosylation of ATPase results in inhibition of its activity.
■ DISCUSSION
We have previously described that S-glutathionylation of mitochondrial proteins was a major consequence of oxidative stress and that respiratory substrates were key regulators of the mitochondrial redox status, viewed by thiol/disulfide exchange, by maintaining mitochondrial NADPH levels. 20 Brain mitochondria isolated by a discontinuous Percoll gradient have a very oxidizing state, which was reduced by supplementation of mitochondria with complex I or complex II respiratory Figure 4 . Exogenous GSH protected mitochondrial proteins from GSNO-induced S-nitrosylation. (A) Intact mitochondria were incubated with 0.1 mM GSNO for 30 min at room temperature in the dark in the absence or presence of increasing concentrations of GSH. COX IV was used as a loading control. (B) One hundred micrograms of mitochondria was obtained from the samples in A and analyzed by HPLC for GSH, GSSG, and GSNO detection. (C) Intact rat brain mitochondria were treated with 100 μM GSNO for 30 min at room temperature in the absence or presence of 5 mM GSH. In sample 5, after mitochondria were treated with 100 μM GSNO for 30 min, 5 mM GSH was added and further incubated for 10 min. In lane 4, 5 mM GSH was added at the same time as 100 μM GSNO and incubated for 30 min. COX IV was used as a loading control.
substrates. LC-MS/MS analyses identified the S-glutathionylated proteins as succinyl-CoA transferase and ATPase (F 1 complex, α subunit), and likely the NADP + -dependent isocitrate dehydrogenase-2. 20 Exposure of primary cortical neurons or astrocytes to increasing flow rates of •NO resulted in a decrease of cellular GSH accompanied by the formation of GSSG and GSNO and protein S-glutathionylation; it was suggested that the latter followed S-nitrosylation; neurons being far more sensitive than astrocytes to •NO exposure. 36 In this study, protein S-nitrosylation observed upon incubation of brain mitochondria with GSNO can be partially reversed by energizing mitochondria with complex I or complex II substrates, thus emphasizing their significance in the regulation of mitochondrial redox status. The intracellular stability of GSNO is governed by many factors, including chemically driven degradation reactions 4 and enzymatically driven reactions. The main enzyme-dependent degradation described thus far is the reduction of GSNO to GSSG by glutathione-dependent formaldehyde dehydrogenase (or alcohol dehydrogenase III), later renamed GSNO reductase 37, 38 due to its high specificity and affinity for GSNO and a reflection of the increasingly important role of GSNO in redox chemistry.
In this study, proteins from across all mitochondrial compartments have been identified as targets of GSNO-induced Snitrosylation. The mechanism of S-nitrosylation of mitochondrial matrix proteins by extra-mitochondrial GSNO remains to be determined. However, GSH has been found to be imported into mitochondria via 2-oxoglutarate and dicarboxylate transporters on the mitochondrial inner membrane, and extensive thiol derivatization of GSH did not significantly affect the transport, 39, 40 suggesting that GSNO may enter the mitochondrial matrix via the same carrier system. This cannot be generalized to the cellular transport of GSNO that requires transmembrane transport of S-nitrosocysteine by the amino acid transporter system L, its intracellular conversion to GSNO, and its metabolism to GSSG. 41−43 Regardless of the transport mechanism, extra-mitochondrial GSNO affected various aspects of the mitochondrial functions via S-nitrosylation (probably by transnitrosation reactions), including solute transport across the inner membrane (2-oxoglutarate/GSH transporter); electron transfer (NADH-ubiquinone oxidoreductase); permeability transition and apoptosis (ANT, VDAC, and creatine kinase); and energy metabolism (glutamate dehydrogenase, pyruvate dehydrogenase, succinyl Co-A ligase, and ATP synthase). Figure 5 . Identification of S-nitrosylated proteins in isolated rat brain mitochondria. (A) Intact rat brain mitochondria were treated with 1 mM GSH or GSNO for 1 h at room temperature in the dark. Mitochondrial proteins were treated with the biotin-switch method. Biotinylated proteins were pulled down by streptavidin-agarose beads, eluted, and separated by SDS−PAGE. Proteins were stained by SYPRO-Ruby (Bio-Rad) and visualized by a VersaDoc 1000 imaging system (Bio-Rad). Proteins were identified by LC-MS/MS. (B) Intact rat brain mitochondria were incubated with 1 mM GSH or GSNO for 1 h at room temperature in the dark. Proteins were treated with the biotin-switch method. Biotinylated proteins were pulled down by streptavidin-agarose beads, eluted, and separated by SDS−PAGE, followed by transfer to the nitrocellulose membrane, and Western blot analysis with anti-ANT and anti-VDAC1 antibodies.
Among the mitochondrial proteins which are identified as targets of GSNO-induced S-nitrosylation in this study, five of them (ATP synthase, creatine kinase, pyruvate dehydrogenase, ANT, and VDAC) have been previously reported in heart and liver mitochondria and human pulmonary arterial endothelia cells. 8, 44 The remaining five (glutamate dehydrogenase 1, succinyl Co-A ligase β-subunit, NADH ubiquinone oxidoreducase 30 kDa subunit, 2-oxoglutarate/GSH carrier, and prohibitin) were identified in this study.
Addition of respiratory substrates to brain mitochondria proceeds with significant increases of GSH, NADH, and NADPH; the latter provides the reducing equivalents that support thiol-dependent systems such as thioredoxin and subsequent denitrosylation. The substantial increase in mitochondrial GSH was associated with denitrosylation, gain in activity (in the case of ATPase), and GSSG formation. Of note, the formation of GSSG may be ascribed to a GSHdependent denitrosylating activity. Studies with cultured endothelial cells have shown that S-nitrosylation by Snitrosocysteine (CysNO) results in the decline in mitochondrial bioenergetics and at high doses cell death. 45, 46 Our data suggests that mitochondrial substrate flux is an important regularatory mechanism against S-nitrosylation of mitochondrial proteins. It would be interesting to determine what the cytotoxicity of CysNO would be if flux of mitochondrial substrates in cells were perturbed. Cellular systems would be the next logical step to study the regulation of S-nitrosylation by flux of mitochondrial substrates. The system utilized in this study (isolated mitochondria treated with GSNO) does not take into account localization of GSNO, flux of oxidants, and other factors that may occur in cells.
ATPase was one of the mitochondrial targets for Snitrosylation (this study) as well as S-glutathionylation. 20 Both S-nitrosylation and S-glutathionylation cause a decrease in ATPase activity and are reversible post-translational modifications; thus, the S-nitrosylation of complex I can function as a protective mechanism. 10 The amino acid sequences of the subunits of rat ATP synthase F 1 complex show that only α and γ contain cysteines: two in α and one in γ; the cysteine at the interface between α and β subunits is close to the glycine-rich loop 47 and is a potential residue for GSNOinduced S-nitrosylation. Modification of these cysteines may affect subunit interaction and/or cause conformational changes that modulate ATPase catalytic activity. Also, ATP synthase F 1 complex α subunit isoform 1 was found to be both Sglutathionylated 20 and S-nitrosylated (this study). Furthermore, glutathionylation also inhibits the ATP synthase activity, similar to nitrosylation. Our findings suggest that ATP generation during oxidative stress will be limited due to these oxidative modifications on complex V; conversely, reversible S-nitrosylation and S-glutathionylation of ATPase may temporarily protect the complex against irreversible oxidative modifications.
Mitochondrial permeability transition (MPT) refers to a transient increase of permeability across mitochondrial inner membranes to solutes ≤1500 Da. 48 Transient MPT has been suggested to be a regulatory mechanism for mitochondria to rapidly release Ca 2+ into the cytosol, while prolonged MPT can lead to cytochrome c release and apoptosis. 48−51 The identification of ANT and VDAC as targets of extramitochondrial GSNO imply that MPT may be regulated by S-nitrosylation of critical cysteines on these two proteins. Pretreatment of isolated mitochondria with GSNO slightly increase Ca 2+ -induced swelling. Similarly, NO has been reported to cause permeabilization of ANT-reconstituted liposomes, 52 and GSNO enhanced Ca
2+
-dependent swelling of isolated rat heart mitochondria 53 and induced cyclosporine A-sensitive (i) cytochrome c release in perfused hearts. 54 ANT contains cysteine residues on the three matrix-facing loops, 55 which are potential candidates for S-nitrosylation. Collectively, these findings support a regulatory role of S-nitrosylation on Figure 6 . GSNO potentiated Ca 2+ -induced mitochondrial swelling. Freshly isolated intact rat brain mitochondria were incubated with either vehicle (gray bar) or 1 mM GSNO (black bar) for 10 min at room temperature in the dark. The pretreated mitochondria were then added to a quartz cuvette containing swelling buffer, and mitochondrial swelling was induced by various concentrations of CaCl 2 and monitored at 520 nm in a spectrophotometer. Basal swelling of mitochondria, treated with vehicle or GSNO, was subtracted from Ca 2+ -induced swelling. Unpaired Student's t-test was performed. (*P < 0.05, ** P < 0.01, and n = 3). Figure 7 . GSNO inhibited ATP synthase activity. Freshly isolated intact rat brain mitochondria were treated with or without respiratory substrates (2.4 mM glutamate, 2.4 mM malate, and 0.7 mM ADP) for 20 min at room temperature. Mitochondria were spun down and resuspended in mitochondrial isolation buffer, followed by three cycles of freeze/thaw in liquid nitrogen to obtain broken mitochondria. Fifty micrograms of respiratory substrate-treated broken mitochondria, in the volume of 10 μL, were incubated with 1 μL of 10 mM GSNO (final concentration 1 mM) for 10 min at room temperature in the dark. The ATPase activities of control, respiratory substrate-treated, respiratory substrate-, and GSNO-treated mitochondria were monitored as detailed in the Experimental Procedures section. Unpaired Student's t test was performed (*P < 0.05, n = 3).
MPT. S-Nitrosylation represents just one of several modifications to protein thiols (i.e., oxidation, lipid electrophiles such as 15-deoxy-D 12,14 -prostaglandin J 2 (15d-PGJ 2 )) in mitochondria to regulate MPT. 56 Although the exact assembly of the mitochondrial permeability transition pore (mPTP) is unclear, redox-sensitive cyclophilin D in the mitochondrial matrix has been confirmed as a regulator of the mPTP: Snitrosylation of cyclophilin D at Cys 203 seems critical for the activation of the mPTP. 57 It may be surmised that the S-nitrosylation of mitochondrial proteins is in a dynamic equilibrium with respiratory activity and the redox environment (GSH, thioredoxin). S-Nitrosylation may represent a protection of protein thiols in response to the changing mitochondrial respiration and redox environment. While respiratory substrates reversed most GSNO-mediated S-nitrosylation of brain mitochondrial proteins, some S-nitrosylation can occur even when the mitochondrial redox environment is reduced, i.e., high levels of NAD(P)H and GSH, thus suggesting different reactivities of S-nitrosylated mitochondrial proteins. Several studies have identified a set of proteins that remain S-nitrosylated under physiological conditions: brain cytosolic lysates exposed to GSNO show a subset of stable S-nitrosylated proteins, some of them related to metabolism (glyceraldehyde-3P-dehydrogenase and pyruvate kinase) and oxidative stress (peroxiredoxin-6). 58 Two enzyme systems catalyzed protein denitrosylation: GSNO reductase (GSNOR) and the thioredoxin systems. 59 The former, also known as alcohol dehydrogenase-3, is ubiquitously distributed and strongly influenced by the cellular redox potential as determined by GSH and NADH levels. 60 GSNOR activity is influenced by GSH redox status but does not require GSH for activity. The fact that DTT treatment could not reverse S-nitrosylation when thiols (GSH and/or thioredoxin) were depleted by CDNB suggests that a certain level of thioredoxin and/or GSH is essential for denitrosylation of proteins in mitochondria. This suggests that thioredoxin and/or GSH-dependent enzymes such as glutaredoxin play an important role in the denitrosylation of mitochondrial proteins, either acting directly to denitrosylate proteins or working in conjunction with GSNOR and/or thioredoxin to mediate denitrosylation of proteins in mitochondria. Further studies are needed to understand enzyme contribution for denitrosylation of proteins in mitochondria following the addition of respiratory substrates. Overall, our findings emphasize the importance of respiratory substrates in regulating S-nitrosylation through a thiol-dependent pathway, with implications for mitochondrial bioenergetics and mitochondrion-driven apoptosis.
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